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The shortwavelengthof x-ray radiation & =A t1d o A)=7ives it the abilityto penetrate
deeper into matteand makesit highly useful for applications in microanalysis and imaging
where it is desirable to probe beyond the surface of the material under artdaysiscrays
generally refeto photon energies above 10kaMhile soft xrays are betweed.1l and 10 keV.

This dissertation investigates the development of two types of optical elements suitable for hard
x-ray imaging: compound refractive lenses for hardymicroscopy and diffidion gratings for

hard xray phase contrast imaging.

Hard xray lenses are useful elements #ay microscopy and in creating focused illumination
for analytical applications such asray fluorescence imaging. Recently, polymer compound
refractive leses for focused illumination in the sofray regime (< 10 keV) have been created
with naneprinting. However, there are no such lenses yet for haed/x particularly of short

focal lengths for benchtop microscopy.the first section of this dissatton, Ireport the first



instance of a nanprinted lens for hard-ray microscopy, and evaluate its imaging performance.
The lens consists of a spherically focusing compound refractive lens designed for 22 keV photon
energy, with a tightly packed structuto provide a short total length of 1.8 mm and a focal
length of 21.5 mm. The resulting lens technology was found to enable benchtop microscopy at
74x magnification and 1.1 pum pixel resolution. It was used to image and evaluate the focal spots

of tungst@-anodemicro-focus xray sources.

In the second section of the dissertation, | describe the fabrication of nanoretyigpatings

that will advane x-ray phase contrastnaging technologiesX-ray phase contrasimaging

unlike conventional >ay attenuation imaging measures the phase shaftd scatteringf the
wavefront by the imaged materiaHigh quality xray gratings are essential components in
benchtop phase contrast imaging systems. Fabrication of such gratings is challenging, especially
whenthe pitch of the gratings shrinks to less than half a mieter The fabrication of xay

gratings typically involves creating a fretanding higkaspectratio mold which is then filled

with high atomic number elementsrdportthe fabrication ofsilicon grating molds of00 nm

pitch and up to 10 um height, achieving a struct@spect ratio of 50. Thiechnology ofdeep

silicon etching wadased on th®&osch process with novel and optimized twiayer masking

process.
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Chapter 1. Introduction

The dectromagnetic spectruncomprises the fullrange of electromagnetic radiation
wavelengthsincluding microwave visible light, ultra videt, etc. (Figure 1). Within the space
separating ultra violet and gamma radiatio the electromagnetic spectrum;raysexist witha
photonenergy(E) of a fewhundred eV up to severalndredkeV and wavelengto f  HA =
(E=1.24k e V) t A (Bx 124keV0)..Hard xrays generally refer to photon energies above
10keV while soft xrays are betweer®.1 and 10 keV.Compared to wible light with
wavelengtls of 400 nm to 700 nm, x-rayshaveshorer wavelengtls which givethema different
behavior when interacting with materials In particular, the ability of shortewavelength
radiation topenetate deeperinto mattermakesx-ray radiationhighly usefulfor applications in
microanalysis and imaginghere it is desable to probe beyond the surface of the material

under analysis

«— increasing wavelength, . increasing energy, E ———»

E=hc/\

ELF Radio Microwave Infrared ll UltrawolE Gamma Ray

700 nm 400 nm

1A 0.1A

Reflective
X-rayOptics

E:10ev 100 eV 1 keV 10 keV 100 keV

Figure 1. Electromagneticpectrum Sourcéttp://mww.rxollc.com/technology/index.html

Since the timehat W.Rortgen passed-k ay phot ons t htandvdepictedthewi f e o ¢

first shadow grams athe internal bone structure-rays have played a major role in medical
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imaging procedures. However, the iang effecs of short wavelength radiation carause
harmful damagdo the human bodyandthus posesa major health concermbsorption of
radiation can lead to complications such as changes in blood cell counts, skin reddening,
cataractsand cancér To reduce the harmful effects ofrays on human tissues associated with
direct intensitybased imaging, a variety of phase contrast imaging methods have been
developedX-ray phase contrast imagingfers toimagingtechniques that are sensitive to the
wave characteristics ofvays.They directly or indirectly detect the diffraction and scattering of
the electromagnetic wave, which can occur independently from intensity attenuai®ra
fundamental way to mitigate the harmful effects of radiatich lzecs been proposed as early as
the 1960s when the firstray interferometers were realizethe penetrating power anthat
wavelengths of xays lead to some advantages when applied to microscopy. The first is the
ability to see through thick and opagabjects, and the second is a high diffraction limit of
attainable resolutiorfzor the first section ofthis dissertatiorresearch | propose to produce micro

and nano optical elemerttsat will advance imaging technologiesthe above two areas.

The mos sensitive xray phase contrast imaging techniques belong to the general category of
interferometry. MichelsonrMorley? and the Mactzehndef interferometers are one the firs
demonstrations of phase contrastasurement usirgchromatic twebeam visible light. The first
x-ray version of the phase contrast interferometieown by BonsandHartin the 19603 used

Bragy diffraction within monolithic crystals tesplit and recombinghe beams. It provides the
highest measured phase shift in interferometry. However, crystgigire collimated and
monochromatic beamahich are not available from compact sourdesplacing the crystals

with diffraction gratings relaxedese requirements. The first example wascthay TalbotLau

interferometeproposed by J. Clauser in 199Blowever,the sensitivity of grating approaches is



detemined by the ratio ofvave propagation distanggating period The TalbotLau methods
limited in sensitivity due to the need for absorption gratiadgsech cannot be made to very small
periods for hard xays'®. A more recent development far-field interferometry with only phase
gratings managed to overme the sensitivity limitation. It uses phase gratings ofrsigoon
periods and takes advantage of a recently discoygrade Moiré effectwhich, bgether with

the classic Moiré effects a part of ainiversalMoiré effect’.

Sincethe 1980ssilicon and polymer basenhicro and naofabrication technologiebave been
usedin x-ray opticsapplications resulting insignificant improvemeistin resolutbn, precision
and efficiency for x-ray diffractive and reflective optics. Advances in nanofabrication
techniques, high precision lithograpland thinfilm deposition havellowed the improvement
of the xray opticsover time®. High aspect ratio gratingszone platesmultilayer Laue lens,
reflective lens microscop®, full-field x-ray microscop&®, micro x-ray fluorescence
spectroscopy, scanning photoemission microscopyand synchrotron radiation -xay
tomographic microscop¥ are different types of optics thaave beermdopted fouse withboth

soft and harc-rays.

Microscopy in the hard-ray photon energy regime (>10 keV) can take on a number of basic
designs, such as projection magnification in a dogem, geometric magnification in a pinhole
camera, and magnification based on a focusing element. Ehefws focusing element offers
several advantages by obviating the need for a small source spot for its resolution, allowing
direct imagingof a light emittingobjectsuch as the focal spot of array tube, and supporting

higher xray flux than a pinholeamera for faster imaging.



Focusing elements for-pay microscopy up to 10 keV photon energy include KirkpatBelez
mirrors in benchtop microscopy, zone plates at 8 keV? and compound refractive lenses
(CRL) which consist of linear arrays of individual refractive lende$he first CRLs were lines

of cylindrical holes drilled into aluminum blocRg, where the small refractions of individual
holes were compounded tocheeve a substantial focusing effef2]. Since this initial
demonstration, CRL technology has been further developed through different designs, including
parabolic'®, sphericaf®, and kinoforn?* CRLs. Lowattenuation materials such as’AlBe?,

Si 23 Cc?*and polymers?°together with different fabrication technigushave been explored.

Miniature CRLs have particularly advantages benchtop xay microscopy in the 10s é&eV

energy rangevith high magnificationand short exposure timddigh magnification is desirable

for hard xrays snce efficient detectorgn this energy rangbave relatively large pixel sizes,
implying the need for high magnification factars achiee high resolution. High magnification
translates to short focal length of the focusing element. Furthermore, a larger numerical aperture
is also desired to collect more light and shorten the exposure time. For a parabolic CRL of a
fixed total lengthL, the focal lengthf scales withR?, whereR is the lens radius, while the
numerical aperture scales withRLl/ Thus, miniature CRLs are desirable for hargay

microscopy at high magnifications.

Conventional microfabrication methods employed for lens pattgrimcluding Si deep reactive
ion etching (DRIE)?’, diamond micromachining®, and xray lithography,have provided lens
radi down to a few micrometer$®*® However, inherent limitations of conventional
microfabrication techniques meant that they only maléndrically-focusing CRLs, thus

requiring an inline arrangement afwo perpendicularCRLs to achieve spherical focusing,



thereby doubling théotal length of the CRL. Although not an issue for focusing a collimated
beam inb a spot, for microscopgnd imaging applicationshis design halveshe imaging field

of view (FOV)if the two CRLs are interleaved, due to the inverse relationship between FOV and
the total length of each CRLThe alternativesequential arrangemenéads to different
magnification factors for the two direction§uch a combination also causesectional
asymmetry of the lens pokspread function antens aberration effectsTo overcome these
issues, gherically focusing CRLs of larger diameters haverbenade with imprinting and
bubblein-capillary fabrication technique® %°, but the focal length from these fabrication
techniques werbeyond 10 cm for 10s of ke\tpays, thus limiting the level of magnification in

a benchtop setup.

Recently a naneprinting process based on typboton photopolymerization has been explored
to produce a CRIfor focusing collimated beams 825 keV at a 10 cm focal length which
demonstrated the ability fwroducea bright spoof illumination. However, there is no such lens

yet for hard xrays, particularly of shorter focal lengths for higfagnification microscopy.

With the above background of the current state-cdykoptics,this dissertationnvestigaes the
development ofwo types of optical elemenssiitable for hard sxxay imaging, namelgompound
refractive lenses for hard-ray microscopyand diffraction gratings for hard-ray wavefront

imaging.

Chaptes 2 and3 report the application of twphoton photopolymerizatioas a new approadh
the development ohigh performance CRL elements for haregray imaging. Using this

approacha 1.8 mm long polymer CRL with a focal length of 21.5 mm at 22 keV, and numerical



aperture (NA) of 2.79xIbare denonstratedThe resulting polymer CRL was successfully used
in a benchtop microscope to image and evaluate the focal spots of tungsten-eanptigrs at

74x magnification.

Chapter4 describes the development of large area nanoscale gratings for usayirplxase
contrast imaging using deep reactiv@on etching proces®8y optimizing the nanoscale process
parameters,ar ench depth of ~ 10 em and maxi mum asp:¢

nm arereported

In Chapter 5, future directions ofdevelopment are exploretbllowing a sumnary of the

contributionsfrom the dissertation resedur.c



Chapter 2. X-ray refractive lenses

2.1. Introduction

Focusingoptics for hard xays hae been a longtanding challenge in-say science.The
refractive indices of most materials fall slightly below 1 in the hamyx regime, making
vacuum appear Dyetoithe anhall rgfrachive endkes decré@ments of all materials
there is not adequate refractive power to focus hardyxbeams in carentional refradve
lenses. Several desigmsyncepts and fabrication procedsave been proposed to address this
issue. Despite significant progress, hangy focusing is still challenging in-say optics due to

the limitation in fabrication anthateral structural stability.

In this chapterwe present a new design for a loast fabrication process using a tploton

laser photopolymerization system to pattern epoayed CRLs by direct 3D nanoprinting.

2.2. xray optics

X-ray focusing opticsare essntial for microscopy and analytical imaging applications, which
motivatedsignificantdevelopmentor several decade€urrently several xay optics exists that
can generate nanbeams angrovide <10t m resolution However, complexity of fabrication
andlimitation of hard xray performance make it difficult to achieve an ideal form of focusing
optical element. The desiredptics may vary based on the given applicationthe following

section current hard-say focusing optics and ¢lir limitations will be briefly reviewed.



2.2.1.Kirkpatrick -Baez mirrors

One of the most commonly usedray focusing elements are Kirkpatri@aez mirrors (KB

mirror) in which a pair operpendicular reflecting mirrorthat are curved and have extremely
polished surfacare used to reflect the coming incidents and focus treey oeam(Figure 2).

These mirrors are typically fabricated fmonearatomic polished silicon gstals coated with
atomic layer of metals such as platinund avill be curved using a fine bending force. The focal
spot in KB mirrors is extremely sensitive to any distortion to the point where even a micrometer
scale deflection in the mirror will cause more than 60 times dislocation in the focal spot position.
Therefore it requires precise and advanced control in fabrication, alignment andystabil

addition, it has a lonfpcal length and can only operate up to 10 KeV.

Incident hard X-ray

Horizontal focusing
mirror

>

Vertical focusing N
mirror -
.
Focal point

Figure 2. Kirkpatrick-Baez mirror:a pair of perpendicular reicting mirrors that are curved and have

extremely polished surfagare used to refleand at the same tinfecus thencidentx-ray beanto a

spof™.



2.2.2.Fresnel xray zone plate

Another type of focusing optics is a Fresnetay zone plate (FZP) that caists of many
concentriccircular zones with decreasing widfligure 3). Either the transmission or the phase
shift of an incident xay beam is alternatingly modulated by the zones, resulting in part of the
beambeingdiffractedtowarda focal point. The outermogbnewidth will determine the focal
spot size while theonethickness scales up with the beam energy. Therefitire-high aspect
ratio device is needed for operating at the hardyxregimeto penetate thicker sample®espite

the significant performance at the softay regime, no zone plate has been fabricated to operate
at x-ray photon energy more th&KeV owing to the limitation in fabricating the diffractive

zones with ultrenigh aspect ratio
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Figure 3. Fresnel xray zone plate (FZP) that consists of maoyncentriccircular zones with decreasing
width. Alternating transparency or phase shift across the zones diffpact®fthe incident beartoward

a focal point?,

2.2.3.Compact refractive lens

In 1996, Rigirev introducedcompound reflective lenses (CR(Bigure 4) to address this isstfe
Compound énsescontainedseries of tens or hundreds of individuadids in a materialto
accumulate their small refraction$he problem regarding theigh absorptiorin the material is
addressedy using materials composed exclusively lmiw atomic numberlemens, such as
polymers. They possess abdl@00:1 ratio of phase shiftover wave ampliude attenuation.
Current available CRLs have long focal length and could not focus beam in-reydegime

due to the limitation in fabricating small aperture lens. However, compactness, high thermal
stability, feasible alignments and minimized absorptmake them very popular amongay

focusing optics.

~ x-ray beam
single :

P 4
%o \
" /@0: Y- s
0,
%
) point focus

Figure 4. Compound refctive lenses (CRE)containedseriesof individual voids in a material, to

accumulate their small refractions

A comparison beteen three focusing elementssisown in (table. 1jvherethe advantage and

disadvantages of each element is listed.
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Table 1.Comparison between three focusing elements

Upper
Optical device Advantage Disadvantage limit of
photon
keV
. - Long focal lengthdifficult to
C_urved High eff|C|en_cy, fabricate, alignment stability 10 0 s
Mirrors achromatic
Lower efficiency, limited to soft
Zone plates Compact x-rays due to fabrication 8
limitations
rcé?rggi/(: Efficient Challenging fabricton, long 995
lenses total length of the lens '

In this chapterthe xray optics involved in the CRL performance is studied and a novel

fabrication process is proposed to address the issues with the current available CRLs.

2.3. X-ray optics of the parabolic cylindrical CRL

Interaction of xray waves witha uniform materialfollows the general principle of
electromagnetic waves. It include elastic (coherseajteringhat contributeto the refraction or
diffraction of the wave, and inelastic (incoheren@ttaring and absorption that contribute to a
loss of the coherent amplitude of the wdv@hese processes are summarized inréfiective

index of the material as

n=1-d ibr (

11



Where ds the refractive index decremetitat represents an increase of the wavelength in
material It has a smaland positive value of about £Gor hard xrays The i maginary
representdhe attenuation of the coherent wave ampétuhlie to the inelastic scattering and
photoelectric absorption processes. In loanat number elements such as H, CPOthe ratio

of d / is approximately 1000:1 for photon energies abd®e keV, although both values
generally increase with the atomiamber. Therefore, low atomic number elements make good
phase shifting materials, but require more path lengths through the material than high atomic
number elements. In practical terms, it means that polymer lenses losedgsstixan metal of

silicon lenses, but are longer.

The focusing lengor visible light isconvex.For most materials the-ray refractionindex is

slightly less thamone therefore the focusing lens should be concave.

2.3.1.Focal length

For a lens with spherical surfacdsefocda | engt h using the | efts make
- (nl- nz) -_ - 20

Where f is the focal lengthy; is the lens material refractive inder; is the surrounding
environmat refractive index andR; and R, are the radii of curvature on the two sides of the
lens. Since the lens is concave and the experiment is being considered to be done irnnvacuum

ideal form n,=1 andR;=R,=R. Therefore, edb can be written as:

£p 3

Usi ng istheeq8, fodal length is given by:
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Sincey is very small (10), In order to get the short focal lengtiurvature radius needs to be
small. To get the focal length within the mm scale, the cureatadius has to be within the few
micron rangeMeanwhile, with having the whole length of N stack of the parabolic lenses short
enough in comparison to the fodahgth;its focal length is equal to value of the whole focal

lengths added together:
- B - — S|

2.3.2.Lens shape

The ideal surface profile of armay lens is not sphericdh order to focusa beamto a spotthe
exit wavefront shouldhave asphericalprofile (Figure5). To obtain that profile, the beam passing
through the polymer andrashould haveaccumulated different phaseBue to fact that the
refractive index of the xay is less than one, @élwavefront is phase shifted forwaiside the
polymer. The profile ofthe lens should produce a spherically shaped wavefReferring to

Figure5, the forward shift of the wave front at cylindrical radius R should be

Y Y "Q Q Q pY "Q A
P ¢Q ¢Q
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Figure 5. Refraction of a beam passing through a parablglits

The refractive index of the lensisnil, hence t he maxi nmlisgivdnéyn gt h

120 — N

Y
¢'Q

Similarly, for the rest of the structure, the beam equation can be written as:

. [ (
(O ——
¢Q

Which is a parabolic equation. For that reason, in ordeprtaluce the spherical wave
parabolic lens is needet@ihereforefor a CRL made of a series of concave lenses each having a

parabolic surface, the focal length is
Q — (9)

Wherel is the length of an individual parabolic surface.

The number ofndividual lenses defines the totarigth of the CRL. The focal length deses
when the number of lensdy, increase. Also, the deeper lenses wgrovide more refraction,
therefore shorter focal length. oever the field of view (FOV) of the CRL for high

magnification microscopys esimated to be2R*f/L. There is annverse relationship between

14
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FOV andthe total length oeachCRL, which produce a tradeoff between the FOV and the
focusing effect of the CRL.

2.3.3. Aperture

The physical perture(Des) is the opening where the lightgses in an optical systeihm. the

polymer lenses it is the diameter of the |&2iR.

2.3.3. Numerical Aperture

Numerical AperturgN.A.) or the angle of light is a dimensionless parameter that defines the
number of beamthat will be collected at the deter. The larger the N.A. will lead to a better
resolving power of a | ens. ltds in a direct

as:

N.A.=sinc

L L,

Figure 6. The numerical aperturef a lensis defined by N.A sina® ®

N.A.=sin| — 0)1
2.35.Focal Spot Size and Resolution
The focal spot size is defined bthe geometry of the lendhe lateral sizes of the beam

dominants the resolution of the noscope inthe verticaldirection and the transverse size

defines the redution in horizontal directionThe overall spot size of the beam can be written as:
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Figure 7. lllustration of the focakpot sizeof a concave leri$

Where m is thelemagnification — andda is theentrance aperture width

2.3. Compound Refractive LensFabrication

Microfabrication of compond refractivelenses has been a challenging task. Different types of
parabolicCRL have been investigateahd \arious materialscomposed ofow atomic number
elementsand several fabrication techniquesre explored to achieve timénimum focal length

along with theleast absorption anokest performancé&ome were limited to theylindrical shape

and others were not ablereduce the focal length below 10 cm for harcays In the following
section current CRL&s f abr i c geii limimatiosswdl bema nu f a

briefly reviewed.

2.3.1. Prior Fabrication Techniques ofCRL

Various techniques have bessported in the literature for the fabricatiohCRL optics. In one
simple approacha computer contrééd drilling machinewas used tdorm cylindrical holesin a
Al-Cu alloyblock™. Since Aluminumexhibitsa high level of absorptiomwith an atomic number
of z=13, low Z materials havelso used to impve the energy rangef CRL len®e<>%. For
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example, Beryllium (Z=4) biconcave lenses were fabricated using pressing or debossing
techniqueswherea pressing tool wh two convex paraboloidsasemployedto tightly press the
Beryllium simultaneously on botsidesHowever, Beryllium is not favorabldue to its toxicity,
grain distortion of the polycrystalline structueand limited availability of single crystal mataki
The parabolic radiusf Be lensess currently limited to severdlundred micros, resulting in a

largefocal length abové "%,

An alterrative approach to CRL fabrication is based on the controlled formatiom-bubbles

in anepoxymatrix’®, This technique is based on fillimgnumber obiconcave microlenses in a
glass microcapillary. It utilizes the fact that a drop of liquid in a capitl#sgforms a biconcave
shape du#o the surface tension forces. The lens matereiselected as epoxy and spherical air
bubbles are injected to it. The bubble radius is equal to the capillary,raailespoxy
materialbetween twdubbless the biconcave lens. This fabrication ht is limited to the
capillary radius and the focal length is about 10fensoft 8 keV xrays Moreover, because of
theinherent shape of the bubblesphericarather than the desired parabolic shdipis adds to

the opticalaberratiorof the CRL

Conventional microfabrication methodigve also been employed for CRL patternihgnses
fabricated fromSi (z=14) have been patterned by DRIE, whilamond Z=3) CRLs havebeen
patterned by laser microimachinfid®®. The resultingSi based lenselsave shown relatively
high absorption andreable to abieve focal lengttdownto 1 m on bench top system&hile
Diamondshows advantages over Si with high endurance ancimy absorptionit ultimately
cannot compete with Siecause of the limitations in fabricatihiMaking compound refractive
lenses using deepnay lithographyto patternpolymers is another technique that has been able to
produce the lowest reported focal lerfgthThe difference between this technique and the
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conventional photolithography is thatray lithographycan transfer the magkatternto a thick
layer of polymer or resist (400m SU-8)*2. However the patterns are stittylindrical and the
focal length is more than 10 cnikurthermore, annherent limitationof these conventional
microfabrication techniquess thatbecause they areylindrical processes, they are applicable
only to relatively simple optics such aglindrical lenses, whicldoublesthe number of lenses

needed for microscopy applications.

Current limitations in fabrication of CRLs wittylindrical and bubble shaped 3D structures are
limiting the focal length and minimum resolution achieved by the available devices. A novel and
low cost fabrication process using a tpboton laser photopolymerization system is proposed to

pattern CRLs by direct 3D nanoprinting.

2.3.2 Fabrication of CRL with Nanoscribe 3D printing

In this work,a two-photon laser photopolymerizatigmocess is explorei pattern epoxypased

CRLs by direct 3D nanoprintings a novel and highly promising technique for lens fabrication
Unlike existing fabrication methods that use mold or air bubbles to fabricate the lenses, any
desired shape is printable in this teclugigrhe developed process has been shown to enable the
formation of microrscale CRL arrays with 19 mmdal length,82x magnificationand better
than2.4 um resolution.

2.3.2.1.Two-photon PolymerizatioH

The general priciple of the twephoton polymerization is that a molecule absorbs two photons
simultaneously, where the first photon boosts the molecule into a virtual state for a short duration
to allow it to absorb a second photon to reach the final state, with agyanerement that is

twice that of a single photon. This process is driven by a focused femtosecond laser. Specifically,
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polymerization occurs when the weakly crtisked polymers break by the absorption of the
photons and generate two radicals, which mhct with monomers. Radicalized monomers will
react with each other and create three dimensional highly -lonkssl polymers. The
polymerization is localized at the laser focal point. The focal point is scanned in 3D space to
write the designed struatt The unpolymerized part is then removed by solvent after laser
exposure. The process enables hggolution patterning below the diffraction limit of the laser

beam™.

Traditional Photopolymerization Two-photon Polymerization
Visible Laser IR Laser
Sl isible Laser 1ser S"
" ' ' T hvm
w0 N W00 el
hv
IR
SO SO
Sample

‘ ‘ B Initiated Area

Figure 8. Photonenegy absorption in traditional and twphoton polymerizatiorA molecule that
absorbs a single photon in the visible light range can also absorb two infrared photons of half the energy
in quick successiorsource:http://www.tuckerlaboratory.org/Tissue%20fineering

In stereolithography a UV laser can only reach the surface of the photosensitive material.
Photosensitive materials are transparent to infrared and let the light pass through their surface,
thus in order to write within the volume of the materiafrared light is used*. Writing in
polymers is done in there are three different configurations; Oil immersionjnDgser

lithography, and Air configuration.

In Oil Immersionconfiguration, exposure occurs through the substrate to focusstrebdaam

into the photoresistThe immersion oil matches the refractive indexes of the microscope
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objective and the substrate and provities ideal focus point at the interface of substrate and
photoresist. However, the spherical aberration occurs when the height of the structure increases

and focus point gets deeper.

The configuration where the exposure occurs thoudhe photoresisis called Dip-in laser
lithography (DiLL) in which the spherical aberrations are minimum and the height limit for
structure can be larger thann2m. Fused silica with two different thicknesss used as a
substrate for this configuration and the tripres st 6 s r e f rleb2.h ordeeto matck e X
the index of the resist and tllein substrate, a thimayer of metal such as gold or 8 is

needed.

Similar to oil immersion, the laser beam Air configurationis focused through the substrate.
Howeve, the immersion medium is ainstead of oil The height limitation is also an issue in

this configuration and is defined by working distance of the microscope objective.

Conventional DLW
Resist I

Figure9.0i | i mmer si on wr i t-inlasgr littograpkiygSource:tNanoseribesznsanudli p
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2.4. Detail of 3D Nanoprinting of CRL

24.1 Characterization of the fabrication process

The CRL was fabricated with the Nanoscribe 3D printer (Nanosé?tmeonic Professional

(GT)) (Figurel0).

Figure 10. NanoscribePhotonic Professional (GTource: Nanoscribe manual

Before writing he lens patternsptir sets of conditions were designed to study the effect of laser
power and the writing redution. A sample pattern with connected pillars was used to investigate
these parameters. The low resolution was set to 200 nm and maximum resolution was 400 nm.
The minimum power wa$5 mW and maximum power w&a7.5mW. Due to the height of the

lens, he pattern was written in the I mode. The first set of experiments showed that the
highest power and lowest resolution works fine for this specific pattern. Further experiments
depicted that any power abo?y.5 mW is enough to gethe proper crosBnked polymer

(Figurell).
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Figure 11. Charactriczation of the laser power and writing resolution on a sample pattern. a) Low
power, low resolution b) Low power, higesolution c) High power, low resolution d) High power, high

resolution.All scale bars are 2%m.

24.2. Cylindrical CRL fabrication

As a first step, a 12 um aperture cylindrical CfHigure 12) was fabricated sing a dipin laser
lithography (DiLL) configuration (Figure 13). This technique allows for twphoton
polymerization with constant optical aberrations and provides variety of printing options for any
desired patt@. In this mode, a droplet of {BIP resist was dropasted on the center of a 700

pm thick, 25 mm square fused silica substrate. The CRL elements were patterned in the resist via
layerby-layer scanning of the laseodal spot at 400 nm resolutiomhe sibstrate was then
immersed in a propylene glycol methyl ether acetate developer for 15 min, followed by a 15 min

bake at 70°C. Other processing conditions such as laser power, layer thickness and hatching
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distance were also crucial in making a robust stirecwithout distortion. After characterizing
the process with a number of trials, we found that a suitable lens structure could be achieved
using a hatching distance and layer thickness of 400 nm and a laser power level of 30 mW,
which was 60% of the maxium power of 50 mWThe resulting nano-ray microscope consists

of a400um tall structure containing 3 arrays of elliptic cylindrical lenses

600 | —5.20

* 5.40
400.0 + I
"le ::u:
] L 10.80
| | L
10.60 — !

25.00 - -
= 100.00 = —=50.00
—= 75.00

Figure 12 Detailed dimensiamof cylindrical lensarrays in a vertical polymer bloclll dimensions are

in um.
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Near-IR laser

Figure 13. lllustration ofwriting the CRL pattern in the polymer resist usihg Dip-In Laser

Lithography (DLL) mode of Nanoscribe.

Thecylindrical lensstructure consisted of three columns of mgtical ducts spaced 28n apart.

Each column included 3&horizontal ducts stacked vertically. Cresection of each duct isré

m wide and 10 deep. Vertical spacingetween adjacent ducts is 0mB; the one half duct is

at the very top and open toetloutside for SEMFigure 14). Due to the fact that the pattern

height exceeded the capacity of the piezo rgdB86 pm, pattern splitting was needed to write

up toa heightof 400 nm, while the zdrive movement@s used t o move the obj
The structure was split into two blocks to form the structame; two300mm and 100vm block

were assembled by stitching proceB&zo movement updated each layers position and when a

levelwas complete, the-drive positionmovedto the beginning of the new block.
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Figure 14. Schematic of the verticablumn ofcylindrical CRL

The CRL structure was inspected with scanning electron microscopy (§kddye 15). The
size of individual ducts and the curvature of the edge and height were verified. The SEM images

were used to eliminate any visible defects on the outer surface of the blocks.
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Figure 15. Scanning electron microscopy images tlock of400 /mm heightcontaining 3 cylindrical
CRLs

2.5. Radiographic inspection
A micro-computed tomography (microCT) scanieused to analyze the energy of the incident
radiation and focusing abilityfdhe lens Skyscan microCT has dd Mp X-ray camera (1-Dit
cooled CCD fibeioptically coupled to scintillator) with a micropositioning stage, an array size of
4000x2000 pixels at the lowest binning, and a 5 mm source spot size W02V source
voltage and 10 W source powemlike conventional clinical CT scans, where the source and
detector move around the patient, in the Skyscan the sample stage rotates around a fixed camera

and detector.
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The sample was mounted on a custom aluminum holderlanddpon top of a micropositioner
stage that is connected to the main rotational sastpge(Figure 16). Once the live view was
active, the lens was aligned by focusing at ascending magnifications and protyessitering

the lens, until the target suhicron resolution was reached. Once at the target resolatiRy,

scan was performed to determine the best focusing effect for the specific lens. The ideal focusing
effect expected was 3 symmetrical bright petile rise above the average intensity (baseline
intensity) outside of the lenf~igure 17). The alignment of the lens was quantified by the

difference between the imisity of the peaks and the baseline outsidéhefiens.

X-ray source

ARy

J;‘

Aluminum
holder

Figure 16. CRLmounted on a custom aluminum halde the microCT system for inspection
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Figure 17. The focusing effeaif thethree cylindrical CRLs produce three lines that are brighter thtre

backgroundaverage intensity

The focusing effect detected in the first round of experiment is sho{fngure 18). Where the
intensity of the cyhdrical lenses rise about 15% more than the area outside th&herlens
i mage shows that the bl oocusitigslemdntsfofdhe @RLt Im then

next section the fabrication defects in the lens will be explored.

w“
——
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Figure 18. Focusing effeabf the cylindrical CREand heintensity profileacrossthe focusedines in the

highlighted box

2 .6. Issues Encountered irFabrication

26.1. Curvature along the height of the vertical column

One of the isues with the fabricated micienswas the curvature along the height of the
structure However, since the curvature is in a diregtthat the lenses are starallel, his will
only cause losing some part of the field of vi&splitting the @tterninto two 200nm tall blocks
(Figure19) resulted some improvement inet curvatureof the lenspillars; however the optical

results werenot significantly different

NIH 10.0kV 15.1mm x350 SE(M) 9/28/2016 100um NIH 10.0kV 14.4mm x350 SE(M) 9/28/2016
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Figure 19. Curvaturealong the height of the structure is legith 206200 /7m split point(top two

figures)than300-100 nm split point(bottom two figures)

2.6.2. Thick versus thinsubstrate

In order to writein DiLL configuration, there were two options for thebstrate; thick substrate
(700 mm) andthin substrate (176m). For the 170mm thick cover slip 100om Au layer is used
to increase the refractive index difference between the substrate and th&hesgsthe 700mm
thick substrate would add extra abs@mptto the xray imaging setupgold coated thin substrate

was used to reduce that absorption.

Having a conductive layer at the substrate, the bottom side of the structure faced amgr heat

due to helaser powereflection from the substratézigure20)

NIH 10.0kV 12.6mm x450 SE(M) 9/1/2016

Figure 20. Heatingand detachment dfe bottonportion of the structure due t@flection of the laser

beamby the Au layer

To address this issuseparate sstof power werapplied while writing along the height ofhie
structure. For the first 16m, power of 3% of the maximum power of 50 m\&hd for the rest
of the height, 5% powerwas usedFigure 21). The results illustrated that despite the fact that

the 15 mWpowerdid not provide enough intensity byeak the crosinked polymersn nonAu
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structuresthe area adjacent to the metal surfacedacere power thai5 mwW and had a stable

profile.

15 mW

NIH 10.0kV 3.0mm x1.10k SE(M) 9/8/2016 50.0um

Figure 21. Effect ofsplitting powerwhile writing the structureon the metlcoated substrate

2.6.3. Vertical stitching error

As mentioned beforedue to the limitation of the &hoscribe tool, stitching was needed to
fabricate a structure with height of 46th. During the stitching proceghe laser beam deviates
from the programmed position. This dewa is called distortiorandcan cause a misalignment
at the beginning of the new blogkigure 22). Distortion alang with the lateraldisplacement
error of the stageare two major reasons for the stitching erherour experiment,ne measured
stitching error was about nmm in different structures witldifferent split point and applied

power.

NIH 15.0kV 14.6mm x600 SE(U)
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Figure 22. Misalignmentbetweerthe vertically stackedblocks due to thetitching eror.

2.7. Designed of a horizontal CRL

Even with minimizing theheight curvature, stitching error and the substrate thickness, current
structures haa limited height and undesired absorption through the satestTo address these
limitations, a new horizontal design @roposedin which a 16 blocks ofcylindrical lensare
placed end to end withrim gap.The 5um gap between adjacent blocks in the awaye added

to eliminate theshadowing effect of the laser beam that occurred when writing separate blocks

next to each othemhetotal field of view of CRL will decrease by 1fin.

Each block corists of three columns o€ylindrical duct and &h column contains five
cylindrical duct stacks horizontallyCrosssection of each duct i§ mnm wide and 9mm deep
(Figure23). Thex-rays passthrough thdensesn parallel with the substrat&his design simply
eliminates the limitation of the height and stitching eramd no absorption will occur due to the

substrate thickneg§igure24).
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Figure 23. Detailed dimensiosof a polymer block containing thrderizontalcylindrical CRLs. All

dimensions are in pm.
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Figure 24. Schematic of the horizontal cylindrical C&L



DiLL mode configuration of the Nanoscribe was usedrint the CRL.A hatching distance and
layer thickness of 400 nm and a lasewpr level of 30 mW was was used in fabrication process

to write the structure§ he CRL structure was inspected wBEM (Figure25).

Figure 25. Scanning electron microscopy images of the horizontal cylindricasCRL

2.8. Radiographic inspection

Figure26 shows the focusing effect of therizontal CRLsin Skyscan set up. The source power

is operating a60keV, 167 mA, and 10W. I t 6s de mo nngensityafthexrray betarh at t h
improved while passag through the lenses due to a beftausing effectthat is a result of
increasingthe mmber of | enses along with the.Thée i mi na:

focusing effect is presented ifFigure 26) with the variance in the intensity of the light. The
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maximumintensity is B0 (A.U.) and shavs 67 % improvement in focusing effecthere is an
intensity jump on the polymer side, which can be because of the edge diffraction of the lenses.

However this feature was not detected in the Oxford scan s€@Mip.be discussed in section

3.9)

GrayValue

0.0 0.2 0.4 0.6 0.8
Distance (inches)

Figure 26. Focusing effect in thieorizontalcylindrical CRLs and hevertical intensityprofile acrossthe

focusedines in the highlighted box

2.8.1. X-ray transmission through the CRL

One of the important parameters oCRL is the transmissiothrough the lens materight an x
ray tube voltage 080 kV and with a 25 pm Rh filter, the transmission throughgibled polymer
area outside the lenses waas 85.8%. Thetransmission through the lens is given i)/In(a),

whichis 92.6%
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2.9. Microscopic imaging test

We used an experimentalray microscopyset up as illustrated iRigure 27, using the nano

printed xray CRLsas the magnifying len3he imaged sample was3& um period gld grating

(Microworks, GmbH, Karlsruhe, Germanyhe xray source is a fixednode, tungstetarget

micro focus tube operating at 30 kV/I8 (Oxford UltraBright 96004, Oxford Instruments,

Oxfordshire, United Kingdom), with an average focal spot sizE8&7 + 0.35 um(Figure28).

An indirect flat panel radiography detector with a pixel size of 83 um (PaxScan 3024M, Varian,

CA, USA) was used to image the grating. The geometric distances werédmm from the

source to thesample L, 7 L;= 20 mm from thesampleto the lens, and4di L, = 1640 mm from

the lens to the detector.

Source Gold Grating Lens

T B

Figure 27. A transmission gratingf 4.8 um pitch and consisting of gold lineslisminated by anxay

tube source. The transmission image is magnified in the vertical direction by a cylindrical CRL
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Gratings

CRN

Motorized i

stage

Figure 28. Photon graphs of-xay microscopy test setup

The gratings were magnified by a factdn(Ls-L2)/(Lo-L1)=82 (Figure29). Theilluminatedfield

of view of each CRL approached the 25 um spacing between them. As a result the three groups
of grating lines appear to connect with each other. Outsiddetie area, direct geometric
projection was not able to resolve the grating lines due to the fact that the size -oayhieibxe

focal spot is nearly three times the grating period.
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Gold coated glass

Figure 29. Vertically magnified image bthe4.8 Hm pitch grating using theeylindrical CRL.Thesample

to-lens distancés 19 mm, corresponding 82xmagnification
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Chapter 3. Bi-Directional Focusing with
CRLs

3.1. Introduction

A single set of glindrical CRL achieves focusing in one dirext. As the next step towards
imaging applications @ explored two solutions to focugray inbothdirectionsin the transverse
plane One of the solutionss an inline arrangement of pair of cylindrical CRLs with
perpendicular lens orientatiaio focus the beamboth vertical and horizontallyThe second
solution is to adopt theability of fabricating parabolicsurfacesin Nanoscribe printing to

fabricatespherically focusingnicrolenses in one single block.

3.2. Combining a Pair of Perpendicular Cylindrical CRLSs
Crossectylindrical CRLshave been used generate a micro beaBoth vertical and horizontal

parameters of the lens Wie used in this configuratio(Figure30)

Figure 30. Schematic obi-directional cylindrical x-ray focusing with a pair of perpendicular CRLSs.
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The resulting nano-kay microscope consists of two 1.64n long horizontal structure with 16
blocks of cylindrical lenses that are placed end to end wittm5gap. Each horizontal block
consists of three columns of 1@n wide and 18yim deep cylindrical duct and each column

contains five stacks horizontallithe vertical block is the same structure with 90 degree rotation.

Scanning electron microscopy (SEM)age of the fabricated CRL is shownRigure31. The x
ray beam will pass through the lens horizontally in parallel with the substrate. The CRLs were
fabricatedin DiLL mode configuratiorwith 400 nm layemeightand hatching distancand a
laser power level of 30 mW, which was%0of the maximum power of 50 mW.oNheight

curvature ancho edge defecivereobserved in the outer side of the structure.

NIH 10

Figure 31. Scanning electron microscopy images ofgih& of perpendiculaCRLs.
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Electron beams in scanning electron microscopy can only scan the surface of the structure and
are not able to reach beyond the surface of the sample. Théneforternal structure wa
inspected with light microscopy that took advantage of the optical transparency of the polymer
material. Figure 32 shows transmittetight brightfield optical microscopy images of the
polymer blocks (AcctScope 300CGLED series Microscope), where the cylindrideinse$

surfaceswvere visible.

100 mMm

| O OO (=l OO lslole)
| ' || } } ‘ | c00 coolpoo cood)
| oo ©00

Figure 32. Microscopy image of theylindrical perpendicularCRLs

3.2.1. Radiographic inspection

Given the twodimensional structure of the fatated polymer CRL it was integrated into to
Skyscan microCT tamage he focal spots ofxay sourcesSince the imaged sample was the x
ray focal spot itself, no additiondlumination was needed. The soura@s positioned at a
variable sampldo-lensdistance (SLD) from the CRland a flat panel detector was fixed at a
sampleto-detector distance (SDD) @fLl mm from the xray focal spotFigure 33 illustrated the

focusing effect in the CRL using Skyscan microGThe ideal focusing effect expected was two
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sets of6 symmetrical bright peaks that are crossing each other and rise above the average
intensity (baseline intensity) outside of the lens. The alignment of the lens was quantified by the
difference betweerhe intensity of the peaks at the intersection and the baseline outside of the

lens. Magnified image of the-pay source spot with 68V source voltage and 1@/ source

power depicts no focusing effedmpare to the area outside the lens

0.02x43615.33 pixels (530x255); B-bit; 132K
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Figure 33. Focusing effecthrough two sets of perpendiculeylindrical CRLs. The intensity profilet

the intersections of the two sets is show in the plot

Since the xray source is polychromatithere are wideanges of energy spectrunmsthe beam.

The lower energy beams will be absorbed easily while passing through the sample therefore the
area arounthe sample will be brighter antle focusing effect can not be evaluated correctly. A

0.5 mminternal Aluminum filter is used to elimirta the lower energy-ray spectrumkigure34
showsup to 80% increase in the intensity of the incident radiation at the intersection of the

horizontal and vertical lines.
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Figure 34. Focusing effecthrough the two sets pkrpendicularcylindrical CRLs with a0.5mm Al
filter. At the intersection of the two, &% enhancement in the intengityfile is seen in the plot

resulting from the bdirectional focusing effect of the CRLs.

3.3. Spherically focusing CRL

Aninline arrangement dfvo perpendiculaCRLsto achieve sphericébcusingdoubles thdotal

length of the CRL. Although not an issue for focusing a collimated beam int@ta fep
microscopyand imaging applicationshis designhalves the imaging field of view (FO\f the

two CRLs are interleaved, due to the inverse relationship bet®@&handthe total length of
eachCRL. The alternative sequential arrangement leadsffiereint magnification factors fahe

two directions. Such a combination also causes directional asymmetrg lehs pointspread

function and lengberratioreffects

The ability of fabricating parabolic bubbles in Nanoscribe printing opens the opiprto

fabricatespherically focusingnicrolenses in one single block.

43



3.3.1. Design

The micro bubble lenses ae actuallytwo concave lenses put together, each lkasing a
parabolic shpe. If the diameter of the lersD and the height of the bowl i, then cartesian
coordinate z axis isligned with the axis of the len® is fixed at 6m and Hat 6 nm, making
each bubble 12mm in length. A vertical string of bubbles forms a compound céfra lens
(CRL) in x-ray. Each block contains 9 rows of 5 bubbles, withn®b spacing between lenses.
The total size of the structure is 1067 and here is 5vm gap between each blocko drain the
unpolymerized resist, a channel i mm diameter runshorizontaly through the midpoint of

each bubbleSEM images of the falwated lens arshown inFigure35.

3.9mm x1.2 6 40.0um g NIH 5.0kV 14.6mm x4 16 100um

Figure 35. Scanning electron microcopy images of the parabolic bubble lenses.

3.3.2. Radiographic inspection

Similar to the crossedylindrical structure, lhe fabricated polymer CRL it was integrateda to

Skyscan microCBystemto image the focal spots ofray sourcesThe source was positioned at
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a variable sampl&-lens distance (SLD) from the CRL, and a flat panel detector was fixed at a
sampleto-detector distance (SDD) @B82.74mm from the xray focal spotFigure 36 illustrated

the focusing effect in the CRL using Skyscan microCT.

Optic results of the fabricated lenses showed that the bubble lenses are not drained compared to

cylinders (Figure 36). The blur image of the bubbland the intensity profile of the lenses

indicated that there were still some pubyrs left inside the structures

Gray Value

0.0 0.5 1.0
Distance (inches)

Figure 36. Minimal focusing effect in the parabolic bubliI&kL seen irthe intensiy profile of the xay

beam due to the poor developing process

3.3.3. Drainage channelissues

The drainage channels were allocated to deplete the-lartked polymer during developing
processCloser look at the fabrication process depicted thatitheage channel opening closes
before the rest of the channel which will lead to further obstacle for the developing process
(Figure37).
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NIH 5.0kV 13.9mm x.00k SE(M 6 " 10.0um 6mm x 10.0um

Figure 37. The drainage channeharrow & the surface of the polymer block

3.3.3. Drainage channelswith funnel shaped opening

In order toprevent the channel opening to close before the channel drainfgeeh shape
opening was designdor the new sets of experimerithe CRL structure wasspected with

SEM (Figure38). The size of individual blocks artde channel openingsere verified.

NIH 5.0kV 14.5mm x900 SE(M) 11/9/2016 50.0um

Figure 38. Scanning electron microcopy images of ¢lé of thewideneddrainagechannelsfor the

parabolic bubble lenses
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However SEM is not enough to inspebetinternal structuref the lens. The channel details

were inspected with light microscopy that took advantage of the optical transparency of the
polymer materialThetechniquethat was utilized to inspect the lens internal structditde lens

was 2photon fluorescence imaging using gl2ton microscope (SP8, Leica microsystems)
with a water immersion 1.1 NA 25x apochromat objective (CFI75 APO 25x W MP, Nikon)
(Figure 39). The sample was immersed in water, 4@hmton excitation was generated with an
ultrafast laser (Mai tai, Spectra Physics) at 800 nm and the fluorescence emission was recorded
in the 414535 nm range with a neslescanné hybrid detector. The excitation light was blocked
before detection with a 680 nm shpsdss filter (Semrock). This technique allowed depth

resolved zsectioning of the structure and cresectional images of the polymer blocks.
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Figure 39. Two-photonconfocal fluorescencmicroscopyimages of the parabolic bubble refractive

lenses with wider openisdor the drainage channeladicated by the red arrow in the top panel.
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3.3.3. Radiographic inspection

Thefabricated polymeCRL it was integrated into to Skyscan microCT to imagefdioal spots
of x-ray sourcegFigure40). Optical results showed weakfocusing effect through the bubbles
The intensity was 12% above the polymer ales s considered as blocked area and was 78%

below the area around the lens.

This result contradictsvith the image taken with confocal microscopy, where the bubbles were
observed in the imag@ne possibility for the lens shapentrast in the confocainage can be
due to the change in theumber ofcarboncarbon double borsdafter polymerization. In the
process of polymerization, carbaarbon bond aredepleted to create radicalized monomers
with carboncarbon single borsd The concentration of the ¢am-carbon double bond will lead

to a different contrast among the polymerized and unpolymerized resin in foealomages of

the structureMoreover, the polymerized structure is solid and has higher densityHob@hds,

which will also cause differae in the intensity of the polymerized section.
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Figure 40. Weakfocusing effecby the CRLs consisting giarabolic bubble refractive leeswith wider

opening of drainage channe]ss seen ithe intensityprofile acrosgheyellowboxin the image

3.3.Improved designof elongated concave lenses with open parabolic surfaces
In order to eliminate the drainage channel problem, a new design is proposeshthats two
elongated half bubbles that open to the side surfaiceach polymer blockFigure4l). In this
design each block consists @& 3x3 array of a pair of outward facing parabolic surfaces that
form the surfaces of a{moncave lense. Each parabolic surface hdm@der of 12 mm at its
opening and 48mm length. N drainage channe$ needed since they are self drainifigne

confocal image of the new design is showkigure42.
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Figure 41. Detaileddimensios of elongatedbi-concave lenses.

Figure 42. Two-photonconfocal fluorescencaicroscopyimage of the fabridgd elongatedi-concave

lenses
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3.31. Radiographic inspection

The radiographic inspectionf the CRLs wastestedin Skyscan microCWwith the setting 060
KV/10 W to inspect the focusing effect of the CR{ESgure43). The result showed up #2 %
focusing above the polymer argathe lens.This means that thelongded biconcave lenses

without drainage channels focus the light 20% more than the bubble lenses with drainage

channed.
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Figure 43. The focusing effect of 50% more than the baseline within the area of the lens ad Gt/

intensity profilein the highlighted box
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3.5. Spherically focusing CRL consisting of 1@&longatedconcave lenses

In order toreduce thesrror of the slope near the edge of ldresandalso assurance regarding the
drainage of the bubbles, the depthhad lenses is cut into halfhe new concavparabolic CRL

consists ofl6 in-line blocks with5e m gBpeh bl ock i 40016th swindeabl
em |l ong, and contains an array of sBfac8Egelar ab ol
paratlic indent has a deptho f 2 4 &1 wperang diamated of 12 &€ m(Figure44). This
designagainprovidedan array of3x3 replicate of CRL columns, giving 3x3 replicate images in

imaging experiment® allow measurements of variability among them.

100f{ m \ —
50f{ m

Figure 44. Schematic of the Spherically Focusing CRL. The CRL consisésrof i ne bl ocks wi tF
gaps between t hem. Each bbgckO0Oi smi100Ongm Baldl cbwnt i
3x3 parabolic indents at both the front and back.
and adiameter Dof12e m. The design provides 3x3 replicate CI

in the micoscopy set up.
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3.5.1. Fabrication of the improved design

The specific configuration used to print the CRIthe dipin laser lithography (L) mode of

the Nanoscribe systemth 400 nmhatching distance and layer thickness and a laser power level
of 30 MW, which was 60%of the maximum power of 50 mVBEM andMicroscopy image of

the structurgFigure 45) showed that the structures were collapafdr post bake. One reason
for this problemoul d be t hef ffethét aduced iwheg writing garate blocks

with 51 m gap

NIH 10.0kV 8.2mm x600 SE(M) 1/5/2018
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Figure 45. (@)Scanning electron microcopy images of éf@ngatecconcave lenseg¢b) A brightfield

transmission ficroscopy imag of the collapsed structure
3.5.2. Nanoprinting laser writing direction

The ingability in the structure decreased with increasing the gap between blocks upto 7
However, our experiments showdtht the writing direction will alsanatter in the final stability

of the structure. The results showed ttet piezowriting direction affects the stability of the

structure. The coordinate systemd writing directionof the stage and piezo are shown in the
Figure46. | t i's a right handed coordinate segftstem a

handed.
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Figure 46. Sage and piezo coordinate syst&Source: Nanoscribe manual

| t 6s been s h o pieroYthhtehingdivectiontwouhdgivei arfully stable structure,
compared to half collapsed blocks written irhatchingdirection (Figure47). The dark area on

the right side of the CRL blocks Figure47a depictsthat the structure is deformed.

Figure 47. Microscopy image of the concave GRirinted inPiezo writing ina) fiX0 direction andb)

fiYO direction
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3.5.3. Scanning electron microscopy of themproved design

The SEM image also comnifins that the lenses written indirectionhave no defecté~igure48).

The xray beam will pass through the lens horizontally in parallel with the substrate.

NIH 10.0kV 8.2mm x130 SE(M) 1/5/2018 I

Figure 48. Scanning electron microcopy images of thebli&k CRLs.

The second technique that was utilized to inspect the lens internal structure-plhiator?
fluorescence imaging using aphotonconfocalmicroscope (SP8, Leica microsystemiSig(ire

49). The sample was immersed water, twophoton excitation was generated with an ultrafast
laser (Mai tai, Spectra Physics) at 800 nm and the fluorescence emission was recorded in the
414535 nm range with a nedeescanned hybrid detector. The excitation light was blocked before
detecton with a 680 nm sheoftass filter (Semrock). This technique allowed deptolved z
sectioning of the structure and cresstional images of the polymer blocks. The parabolic
concave surfaces of the blocks are visible against the fluorescence sigte pblymer

material.
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50 um

Figure 49. Two-photonconfocalfluorescencenicroscopycrosssectional image at the midvel of the

first layer of parabolic concave surfaces in the blocks.

3.5.4 Radiographic inspection

The focusing effet of the CRLswasinspected by xay projection radiography the Skyscan
microCT system Figure 50 illustrates the result At the setting 060KV source voltage an8wW
source powerthe CRLs showed facusing eféctup to 95%intensity enhancemegbmpare to

thesurroundingarea outside the leas

0.02x58842.70 pials (530x255); 8-bit 132K

T T
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Figure 50. Focusing effect up to 95% compared to the area outside theslatihe xray tube setting of

60KV/3W.
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3.5.5. Fluorescence microscopyamparison between the first and the improved designs

The results showed that the lenses have been drained completely and Amlerdssolymer
was left in the structure. This gives a good opportunity to compare thesrtsgm by the two

photon microscopy in order to obsethe crosssectional images of the polymer blocks

It has been shown that eventlife bubble lensvere not drained, the lens shagentrastwas
visible in the microscopy imagelowever, the gray leveralue of the lenses is about 80% of the
not crosdinked polymer. This value drops &% i n t he concave bubbl e |

clear that the lenses are fully drairn&gure51).

240(a.u.)

188 (a.u.)

Figure 51. Compaing the fluorescence levels in the structures of the two designs undphotan
confocal microscopy(a) The improved desigof elongated btoncave lenseshows 94% drop in
fluorescence in the parabolic indemsmparng to the polymer backgrounidyplying complete drainage.
(b) The first desigrmof fully-enclosed parabolic bubblesiowsa 20% dropof fluorescencén the bubbles

implying a lack of drainage.
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3.5.6. Estimation of the effective aperture of the CRLs

In orde to analyze the transition of the flux through the lens and the polymer, the ageréure
of the lens at different\ks has been studied. theoretical derivation that employs data from the
microCT for such meascan image# presented herdt assumes tt the polymer in the lens
does not absorb-says.However, pactically this assumption is not true therefaperture area

variationwith kV is expected

Total flux through operator is:

0= Y p —

Where3  is the source brightness,isithe aperture size andl.3 is source to lens distance.

Detector
Lens
N
a A
W
SLD LDD
SDD

Figure 52. Schematic of the total flux passing through the apertu
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Total flux through aperture if it is covered by polymer is

WhereO is transmission through polymer, is the background polymer area intensity;, is

the image intensity) is the pixel area on the detector; and FDD is the focus to detector distance.

Also, the background blank area intensjty, , can be written as

Results fron estimated aperture size of the Skyscan micro€ayxsource with respect to the
tube kV setting are summarizedkigure53. The estimatechperturevalue over the tube voltage

from 40 KV to 100 KV at the 10 kV kkrementat sampleo-lens distance (SLD) of 40 mm
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which corresponds ta magnification of M= 40was graphed. It was found that the estimated
aperture sizevas consistenpver differenttube voltage. Theaverage aperture size is measured
to be 176 m*which is correspondent to the lens radius oft 76 The actual aperture size of the
6t m radius lens is 118m°. The possible explanation for this observatiom ithe variability of
themanualsegmentatiorf the lens projection ars&or the estimton, andpossibledeviation of

the actual size of the lenses from design parameters

200
. * * . V'S L 4
2{,* L 4
= 150
=
Q
N [ ] m m m (] (] (]
g 100
!-5 4 meaured aperture size
t B device aperture size
S 50
<
0
30 50 70 90 110
Beam voltage (KeV)

Figure 53. Estimated aperture size tife Skyscan microCFray source.

3.5.7. Radiographic inspectionwith aTh er mo Sc i e nmiérd focesBour€ee v e x

To study the optical properties of the CRL, the focal spot of a microfocus tube was measured.
Given the tabletop imaging set tlgample to detector distance (SDD) is fixed and the flat panel
detector is placed at 1640 mm distance from the samdethe ample to lens distance (SLD)

was set at 21 mmAccording to the magnification formula, M = (SDO5SLD) / SLD equals to

74.
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The experimental-xay microscopy set up as illustratedrigure 54a usesthe ranoprinted xray

polymer lens as the magnifying lens. The first imaged sample wagansource which is a
fixed-anode, tungstehar get mi cro focus tube -02B)logeratmg Sci e
at various peak voltages ranging from 30 to 80 kV a@d/2 tube power, with an average focal

spot size of § m. The geometric distances were30D mm from the sample to the lens (SLD)

and 1640 mm from the sample to the detector (SDD). Table-tap microscopy setup is shown

in Figure54b. A motorized stage using Newport piezo mipasitioner gives the opportunity to

move the lens with sutmicron precision.

Sample Detector

Lens

I—C

SLD=10 - 55 mm

SDD =1640 mm

Detecto , -

€) 10 mm

X-ray focal spot to be imaged

SLD

Figure 54. Imaging the Focal Spots ofPdy Sources(a) A schematic of thenay mcroscopy setup for

imaging the focal spots ofray sources. The focal spots are light emitting samples and do not need
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additional illumination. The CRL is mounted on a motorized stage with all 6 degrees of movement and
rotation, allowing the sampl®-lens distance (SLD) to be varied betwd®mm andb5 mm, and
alignment of the lens axis with the beam. The satoplietector distance (SDD) is fixed. Geometric
magnification is given by the ratio (SBELD)/SLD, which ranged between 166 and 28.9. (b) & thi
photograph of an imaging experiment, the focal spot of a tungmtgat micrefocus source was being
imaged. The silica substrate of the CRL was mounted vertically on the motorized stage. The detector was
moved closer to the CRL from its working positio fit into the photograph. (c) A closer view of the x

ray tube window and the silica substrate of the CRL illustrate the SLD.

3.5.8 Magnified image of the focal spot othe x-ray tube

Figure 55 shows the magniéid image of the 5t m size focal spoat ahigh level of (~159
magnification All images were taken with 6 second exposures. Because the polymer structure
had a 3x3 array of parallel CRL columns, it could provide up to 9 duplicate images of the focal
spot in each shot. Thaverage and standard deviation among the duplicate images were
measured. To evaluate the focal spot size, the intensity distribution of a spot image was
integrated in the y and x directions to provide x and y profiles of the Gpotssian distribution

of the graylevel values of each pixel in both X and Y direction was used to measure the FWHM
of the lensesThese were fitted to Gaussian functions to yield thevidkth-half-max FWHMx

and FWHMy sizes and the focal spot position (x, y). The rotationalpriant average focal spot

size was calculated as FWHM = (FWHR/EWHMy?)Y2. At each SLD the actual spot size of

the lens was calculated using the following equation:

3 ébbbéox&” -DPEGASAO (3

Where Dep is the detector pixel sizand M is the magnification.
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Figure 55. Microscopy image of thedm focal spot of th&hermo Scientific Kevexray source

3.5.9. Alignment of x-ray beam with CRL axis

In order to study the focusing properties of the lerespthgnifiedimage of the lens was studied
at different SLDs. To secure the fiaignmentthrough the scaand minimizing the alignment
variability, the lens was aligned on one single beam at closest and farthestT&eRdéignment
was done so thahe cater of the middle lensamaintained it position on the detector at the
minimum and maximen SLDs Figure56). Therefore it can be claimed thtae lens alignment at

all locationsbetween these two SLRse within he acceptable range.

65



Detector

Source

< 101001100 0000 g

Source Detector

b) Z,

Figure 56. Fine alignment at a) SLD= 10.22 mm b) SLD= 55.22 mamillustrate the different
magnification level,ltereferenceyellow squaréhas the same size and locatimmthe detector for both
images.
Measuring the FWHM from the Gaussian fit of
sizes of the xay tube at 60 KV for SLDB= 10.2 mm and SLD= 57.22 mm was 8.9 m and
3.46 1 m respectively. At SLD 22.2 mm which corresponds to the magnification of ~74, the

spot size was 7.pm (Figure57).
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Figure 57. Average focal spot sizes of theay tubeat voltages ranging from 3%o 85 kV and6.0 W tube

power.

Theresults showhat the focusing quality of the lensduces significantly and the lens loses its
focusing ability at short 9Ds. Based on théocusing optic equations the number of lenses to
focus the beam at SLD = 21 mm needs to be N = 32. In the next section, concave CRL with 32

lenses designed fdocal spot = 21 mm is presented.

3.6. Third design of spherically focusing CRL with 32 elongated concave

lenses
The finaldesignconsists of 3in-l i ne bl oc ks Bmicthh b7l oscnk gaspsl.0O0 e

em wide by 50 e€m | ong, and contains an array
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back. Each parabolic surface indenthasadapthi 24 em ®Rof & eadi T&i s
provided 3x3 replicate CRL columns, giving 3x3 replicate images in the microscopy set up to
allow measurements of variability among them. Based on the refractive index of the

photosensitive polymer material, the focal length at 22 keV according to Eq. (15 im21.

3.6.1. Fabrication

The lenses were fabricated in Nanoscribe writing in both X and Y orientation. The optical
microscopy images showed that the lenses writtenhatthingdirection collapsed and the ones

written in X hatchingdirection had bettertability (Figure58).

SRR R R R R R

i‘i 332
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Figure 58. Transmissiommicroscopy image of the 32 blocisconcave refractive lenses. a) The shadow
on the side of the lens depictstauctural damage in the lenses writtenY direction b) No defects found

in lenses written X direction

3.6.2. Scanning electron nicroscopy inspection of theCRL

The SEM image also confirms that the lenses written in x direction have no {Efgats59).

NIH 10.0kV 8.2mm x300 SE(M) 1/5/2018

V 8.2mm x800 SE(M) 1/5/2018 50.0um

Figure 59. Scanning electron microscopy (SEM) image of the fabricated CRL.

3.6.3 Application of the CRL in microscopc imaging of x-ray tube focal gots

Two types of micrefocus xray sources were evaluated to determine the geometric
magnification factor, given by M = (SDBLD)/SLD. The first source was a fixeshode,

tungstert ar get mi cro focus tube (-92B)ewitma ve®leri ent i f
specified nominal fodaspot sizeof 4 um at 2W powerSimilar to 16 blocks lens, wh this

source, we tested the influence of two parameters on the measured focal spot size: the SLD was
varied from 9.8 mm to B8 mm at 3 mm increments by moving the CRL along the beam, and the
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x-ray tube wltage was varied between 2bland 85kV The second source was a fixagode,
tungstertarget micro focus tube (Oxford UltraBright 96000 Series) with a vespecified
minimum focal spot size of 13 um. In this source, we tesigxsets of parameters. &irwe
testedthe stability of the focal spot size and focal spot position at 45 kV tube voltage and 6 W
power setting over a period of 15 minutesd second the stability of thecal spot at various
powers from 3 to 57 WI'he SLD was fixed at 21.8 mm, vafi was the focal distance for 22 keV
photons that satisfied the relationship 1/SLD + 1/(SBID) = 1f. The corresponding
magnification factor M = 3.2. Both xray sources had 0.254 mm Be windows, and an additional

0.25 mm Al sheet was placed on the detettt eliminate low energy photons.

All images were taken with 6 second exposulige duplicate images of the focal spot in each
shot are provided The average and standard deviation among the duplicate images were
measuredOne or two rows of the dupkte images were obscured by the shadow of the large
silica substrate when the SLD was small, resulting in between 3 to 9 usable duplicates in each

shot.

3.6.3 X-ray focal spot analysis othe Thermo Scientific Kevexx-ray source

The first micrefocus xray source (Thermo Scientific Kevex) was studied at a range of tube kV
settings and a range of sanydelens distances (SLDs) in the imaging setup. Results with
respect to the SLD parameter are summarizeigare 60for the tubesetting of 45 k¥ 2 W
power. Images taken at SLDs of 9.8 mm (magnification factor M = 166), 21.8 mm (M = 74), and
53.8 mm (M = 28.9) are shown figure60a-c. It was found that as the SLD decreased, the silica
substrate shadoweadore of the CRLs. At the other end with large SLDs, the images appeared
pixelated due to the lower magnifications and larger areas imaged by each detect®iiguixel (

60). Since the polymer material between BRLs was essentially transparent toays, there
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was background intensity between the focal spot images, with each spot surround by a dark halo
that represented the projected area of an individual CRL column. The measured horizontal
profiles of the spot mages outlined ifrigure 60a-c are plotted irFigure 60d, together with their
respective Gaussian fits. Figure 6e is a plot of the average measured focal spot size and standard
deviation over the scannednge of SLDs. It was found that at 45 kV and 2 W power, the
measured spot size decreased from 6.8 +0.14 ym at the smallest SID#®.12 um at the

large SLD. At the SLD of 21.8 mm, which was the focal distance for 22 keV photons, the

measured spot sizeas 5.17 +0.01 um.
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Figure 60. Results from the First-¥ay Source (Thermo Scientific Kevex) with Respect to the SLD
Parameterat the Source Setting of 454&/W Power. (a) (c) Images taken at SLDs of 9.8 mm
(magnification fator M = 166), 21.8 mm (M = 74), anB®B mm (M = 28.9), all displayed to the same

scale represented by the 25 um scalebars. As the SLD decreased, the silica substrate on the right

71



shadowed more of the CRLs. The pixelated appearance at low magnificaimdye to the larger area
imaged by each detector pixel. (d) The measured x profiles of the spot images outlined by the yellow
dotted lines in Fig. @a-c are plotted, together with their respective Gaussian fite)(# plot of the

average measured focspot size and standard deviation over the scanned range of SLDs. The standard

deviations were < 0.14 um for all measurements.

Results from the first microcus xray source with respect to the tube kV setting are
summarized irFigure61. At each SLD, the average measured focal spot size over from 25 KV

to 85 KV at the 10 kV increment was graphed. It was found that the measured focal spot size was
consistently the smallest at 45 kV twm@tagefor all SLDs. The mterpretation of this minimum

is addressed in Discussion.
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Figure 61. Measured Average Focal Spot Size of the FirshyXSource (Thermo Scientific Kevex) as a
Function of the Tube kV setting for All SLDs. The measured focasigpaias consistently the smallest
at 45 kV tube voltage for all SLDs. The standard deviations of the measurements were all less than 0.22

pm.

Several questions emerge from the presented experimental data. The measured focal spot size of
the first xray sairce at 45 kV decreased gradually with increasing SLD, even beyond the
designed focal distanc€&ifure60). We speculate two possible reasons for the trend. One is that

at large SLDs/low magnification, each detecpixel covers a larger area of the focal spot,
leading to increasing undeampling of the spot profileF{gure 60c) and possible systematic
underestimation of the width of the underlying profile. Another possitdason was that the

higher parts of the-ray spectrum (> 22keV) continually come into focus with increasing SLD.
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The measured spot was the smallest at 45 kV at all SLD values. There are two possible
explanations for this observation. One is that tliays were ovefocused at < 45 kV and under
focused at > 45 kV, while another is that theay focal spot size was actually voltage
dependent. Considering the fact that the minimum was consistent for all SLDs, the data dispute
the first explanation, and@more consistent with an actual voltage dependence of the focal spot

size.

The field of view (FOV) of the CRL for high magnification microscopy, where the SLD is
approximately equal to the focal length, is estimated BR5€L. The FOV was 145 m for the

CRL design explored here. Given the inverse relation of the FOV to the total length L of the
CRL, the ability of the nanprinting system to pack the lens blocks tightly reduced the total
length L and helped enhance the F@\dding 7 mm gap between CRilocks will reduce the

FOV of the ideal design by 2@m, which is a tradeoff between the focusing effect and the FOV.

3.64. X-ray focal spotanalysis of Oxford Ultrabright x-ray Source

Imaging of the second micifocus xray source focused on the stability of the size and position

of the focal spot whenperating at 45 kV and 6 W power. Results of the focal spot size
measurements are summarizedrigure 62. Figure 62 includes an example shot containing 9
duplicate imagesfahe focal spot from the 3x3 array of CRL columns. It also shows the line
profile of the spot intensity in the x direction, and the Gaussian fit of the profile to quantify its
FWHM and peak position. The average spot size of the 9 duplicate imageshasanfaf time

was plotted with a linear regression line afR0.89. The measured spot size fluctuated by 0.1
pm at each time point and expanded gradually by 5.5% over the 15 minute period, from 9.44 uym

t0 9.96 um.
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Figure 62. Average Focal Spot Size Over Time for the Seceray $ource Operating at 45kV/6W. The
upper inset is an example shot of 6 second exposure which contained 9 duplicate images of the focal spot
from the 3x3 array of CRL columns. The lower inset is thesksitly profile of a spot and its Gaussian fit.
The main plot is the average FWHM of the 9 duplicate spot images as a function of time. The average

spot size fluctuated by 0.1 um at each time point and expanded by 5.5% over the 15 minute duration.

Data revaling drift of the focal spot position are graphedrigure63. Since the image taken at

each time point contained 9 duplicate images of the focal spot, the peak positions of the 9 spots
were individually determiad with Gaussian fits, and relative displacements of the peak positions
from the first shot were averaged over the 9 duplicates. The average x and y displacements over
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time are plotted inFigure 63. It illustratesthat the focal spot moved unidirectionally in the
horizontal direction by 0.6 um. In the vertical direction, however, the focal spot initially moved
down for 0.5 um in a 2 minute period, then reversed direction and moved up 1.6 pm over the

remaining 13 miates.
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Figure 63. Drift of the Focal Spot Position of the Seconda} Source Over a Period of 15 minutes in x
and y Directions. Each measurement is the average of the 9 duplicate images of the focal spot from the

3x3 array of CR columns. The standard deviations of the measurements were < 0.1 pm.

3.6.5. Power dependence of the focal spot of the Oxford Ultrabrighéource

Figure64 shows average spot size of theay tube along with the ngaified image of the ~10
pm size focal spot of the 9 individual lenses for magnification of ~80 at 45 KV. The average spot

size of the xray tube at 45 KV for SP (source power) =3 W and SP = 57 W wauéth7ahd
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9.24 um respectively. Howevethe contrasof the low power image is 43% and 2.67% for the

high power scan.

It indicates that the tube was able to maintain its spot size through a wide rapge/esf
settings However, at the source power starting from 30 W, the standard deviation increased
significantly up to 20% and the precision of the experiment decreased, which means that the lens

images became blurry with low contrast compare to the images at the source power < 30 W.
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Figure 64. The tube was able to maintain itooggize through the power scan, however the precision of

the measurement decreased by increase in power above 30 W.

The trend of the contrast is shownRigure65. It illustrates that the contrast drop occurs when
power is increased. At source power > 30 W, the contrast drops belowlh&%esult indicates

a particular xray emission pattern by theray tube at higher power outpuis: addition to
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emission from the focal spatyere is a risingproportion ofbaclground xray emission irthe
surroundingareathat is larger than the 25 pum spacing between the CRL columns. The
background emission lda elevated background intensity in the image and decreased contrast of

the focal spotThis is also the cause tife significant edge burring in the images taken at higher

power levels.
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Figure 65. The contrast of thébcal spot decreases with increasing powetputof the source

3.7. Imaging gold wires in a mesh

We used an experimentatray microscopy set up as illustrated kigure 66 using the nano
printed xray polymer lens as the magnifying lens. The imaged sample \288 am period
meshof gold wiresmounted on an Al holdeiThe xray source is fixed-anode, tungstetarget

micro focus tube(Oxford UltraBrigh) operating at45 kV/ 3W. An indirect flat panel
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radiography detector with a pixel size of 83 um (PaxScan 3024M, Varian, CA, USA) was used
to image the grating. The geometric distances were 20 mm from the source to the sample,
L, 7 L= 21 mm from the sample to the lens, angliLL, = 1640 mm from the lens to the

detector.

Due to the small size of theray tube focal spot, only an area of ab@x? um is illuminated
within the field ofview of a CRL Consequentlyonly an edge of a wire becomesible when it

entershat area of a CRL

Source Gold mesh Detector

’
'y
1/ ”
—> 1 VLA
| /r

> ‘| Vv
/

ny

4

79



Figure 66. Setup of the imaging experimentd00 pumperiod meshof gold wires(a) The wire mesh is
illuminated by an xay tube. The transmission imagarough the mests magnified by eacbf the 9

parallel CRLs (b) In this photograph atheimagingsetupthe silica substrate of the CRL was mounted

vertically on the motorized stage. (c) A closer view ofjtild mesh mounted on a holdard the silica

substrate.

The results showed th#te CRL provides a magnified view of the edgestlud goldwires as
they passing through th@luminated areasFigure 67a shows thathe wire edges are highly
blurred outside the CRL®ne horizontalvire edgefalls within the view of the top row of CRLs
andappears sharp due to the 80x magnificatiigure67b to 72g shows a horizontal wire gpzl

being captured by different rows of CRLs as the mesh was moved downward over a distance of

about 50 pm.
a) b) e)
24 Ry
. § -‘ #
c) f)
23! |
E ' -
d) g)
; & & :
i S0 &

Figure 67. Magnified views of a horizontal edge of a gold wire as it passes through the views of the three
rows of CRLs. RThe edge falls in the view of the top row of 3 CRLs. b) to g) the edge moves downward

from the views of the top row to the views of the bottom row of the CRLs.
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3.8. Conclusion

Throughiterative designand protocoloptimization, this work demonstratésat 3D printingat
submicrometer resolution usingwo-photon photopolymerizatiorcan produceminiature
compound refractive lenses for hardrays. The fabricated CRbas the smallest size and
shortest focal length that has been reported in the literatureperation with photons in the

range of 10s of keV. ThERL was alsaable to maintain focusing over a range efay tube
voltages from 25 kV to 85 kV, and enabled benchtop imagintyanalysi®f the focal spots of
tungsteranode xray tubes at 74x magitation. The standaresnethodfor direct imaging ofx-

ray tube focal spots is by pinhole cameras, where the size of the pinhole is also the image
resolution if diffraction effect is negligible. Therefore, to obtain the spixe resolution as in

this stuy, the pinholewol d require a diameter of approxin
through the pinholéhat istwo orders of magnitude lower than the flux through the current CRL.
Correspondingly, the exposure time to obtain the same level of image intensity wouldube abo
100 times greater thahe presenCRL, or 10 min long. Therefore, the CRL provides the ability

to measure focal spot drifts on the time scale of seconds, which would otherwise appear as an

artefactual spot elongation in an exposure of minutes.
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Chapter 4. Nanoscale gratings

4.1. Introduction

High quality xray gratings are essential components in compact phase contrast imaging systems.
One of the major factors in grating interferometry is that the grating period is required to be
comparable to thednsverse coherence of theay beamin orderto produce wave interference

effects. The transverse coherem@te point in the beans the xray wavelengthdivided by the
angularspreadof the incoming xrays that pass through that poiNY¥ithout using bsorption

gratings, the transverse coherence lengths of the commmoay t ubes are i n the
less within a 0.5 m distance. Therefore, nano scale phase gratings are needed. Moreover, a phase
grating needs to produce a sufficient phase modumati the beam in order to split the bedm.

an example of gokdilled silicon gratings of 0.5 um periodpt p r o d-phase shié for28.00

keV x-raysin a binary grating which leads to the maximum diffraction efficienayold height

between 58234 ¢ m i s Defieng thé gradird) aspect ratio as the ratio between the trench
depth and half period of the grating, this implies thiataspect ratio in the range of-23 is

necessary.

Grating

Slit 1 Slit 2

X-ray tube Y 0
X Z Detector

Figure 68. The xray diffraction setupThe xray cone beam is collimated by two slits and rdicted by

the grating and captured on anrdy detectof®.
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4.2. Introduction to silicon grating fabrication methods

The fabrication process is challenging, sinceptaress is a combination of fabricating silicon

or polymer gratings with small periods and high aspect ratios and fillsmgrenches with high
atomic number metals. Different fabrication methods have been extensively investigated for the

realization of high aspect ratio Si gratingsgizing wet and two dry processes.

4.2.1. Wet etch processes

Anisotropic wet etch with KOH ith the <110> wafers and metal assisted chemical etch are two

main techniques for the wet process.

4.2.1.1 Anisotropic etch with KOH:

Wet etch process with KOH solution obtains the high aspect ratio Si trench based on the
difference between the Si etchte in different Si planes. The difference between density of Si

and bonding energy of planes defines their oxidation and etch rate. Since both oxidation and etch
rates occur simultaneously while Si is in deep KOH solution, the final aspect ratio idystrong
dependent to the difference between the oxida
shown that an aspect ratio of hundred to one can be achieved on {110} surface, while that
amount is significantly lower in {111} plane. That happens beeaof high oxidation rate of

{111} plane in KOH solutiof"*4°.

Even though using wet etch process can give aspect ratio as high as 600, this technique is
strongly dependent to the fabrication mask and has linstedr f ace area due to

plane§’°
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4.2.1.2 Metal assisted cheaail etch (MACE)
In a Metal assisted chemical etch (MACE) process, a substrate (typically Si) is covered by a

noble metal and is exposed to an etchant consisting of HF and oxidation agent. It was first
introduced in 1997, that parts of Si wafer that was covered by Al, got etched faster in the
solution of HF, HN@ and HO. BohnLi®? pushed this technique to a higher level using noble
metal such as Au, Pt in the solution of HF,Gd and Ethanol. Metal acts as a catalyst and
increase the hole injection into the Si and drastically increase the porous formatfinlisivey

this process high aspect ratio Si structures were produced, however desp#jeeitteratio of 66

for 200 nm pitch grating structures, this process is extremely dependent to the geometry and

morphology of the pattarand the support structure in the metal mask

4.2.2 Dry etch processes

Several dryetch processes based on deep reaaiveetching (DRIE) are capable of fabricating

deep and high aspect ratio features in single crystal silicon, with the most prominent technologies
being the cryogenic and Bosch DRIE process. The cryogenic DRIE (desfveeion etching)

process utilizes SFand Q gas to generate a passivation layer of,5j@o protect the sidewall

from unwanted lateral etching. The process is performed at low temperature, typically around
1110 AC (163K), whi c heactidn and kadsito ighly vertical sidetvadlsni c a |
However, proper study on the masking material is needed to minimize the ufflercut.t 6s be e
shown that Sigpand Cr hard masks create significant undercutslithits the aspect ratio. The

only mask that can withstand the cryogenic process tonghotoresist that despite the
complicated fabrication process, still creates noticeable underc@imilar to the cryogenic

process, the Bosch process consists of two process steps, namely side wall passigalon

etching. On each cycle, a passivation layer £ @ first deposited to protect the sidewall from
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ion interactions, allowing Skons to bombard the substrate and etch the substrate anisotropically
during the etch steg~{gure69). The Bosch process ensures a highly directional etch. However,
intrinsic scallops on the sidewall are one of the common issues in this process due to the
sequential passivate/etch cycles. These scallops can be minimized byziogtithie etch

parameters, particularly the relative times for the passivation and etching’steps.

The Bosch process has been utilized to etch 20@itoh gratings to 4 an@ um in depth (aspect
ratio of 40 and 60), buvith supporting structures to the grating walls that reduce the efficiency

of the grating®">",

Figure 69. Bosch DRIE schematic. a) Passivatifithe sidevall with C,Fgdeposition b) Anisotropic Si

etch with Sk

4.3. Fabrication of high-aspect ratio silicon gratings

In comparison with the isolated narrow lines or trenches, one of the major difficulties of the
DRIE fabrication process is to maintain the hmmucal stability of the narrow wall/trench
structure of the gratings. The undercut or negative taper can damage the walls so that the

charging effect leads to the general collapse in the arrayed walls. Therefore, carefully tuned and
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optimized parametersrae necessary to control the etch s

profile.

This section describes the development of a Bosch process capplbelwfing400 nm period

gratings of near 10 um trench depths, reaching a maximum aspect ratio of 50:1.

4.3.1 Fabrication procedure

The deep silicon etching was performed using Bosch process with silicon dioxide as mask
material. The fabrication process is briefly described below. A 300 nm thick silicon dioxide layer
was first grown on a silicon wafer usingetvoxidation. Then a 30 nm chromium layer was
coated via electron beam evaporation. The grating pattern was transferred from a master template
to the wafer using nanoimprint lithography. The residue of the nanoimprint resist in the grating
trenches was reoved by oxygen plasma. Masked by resist, chromium was etched via ion
milling. Taking advantage of the high selectivity over chromium, the silicon dioxide layer was
reactive ion etched through using a GH; recipe. The residual chromium was finally stegp

in chrome etchant to form the silicon dioxide grating mask. With the protection of silicon
dioxide, high aspect ratio silicon etch was carried out with a Bosch process at 5 °C, where each
cycle consists of one €z passivation step for 1.6 sec and t®#g etch steps for 1 sec each. An
etching depth of 10 em was achieved after 15

ratio of 50(Figure70).
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100 nm NXR resist 30 nm Chromium

\io o

Imprinted resist

Figure 70. Schematic of the fabrication process for 400 nm period hamy)phase gratings a) Grow
thermal oxide layer on silicon wafer, deposit a thin layer of Cr and spin coat NXR resist b) Pattern resist
using Nanoimprint c) Pattern silicon dioxide usinig$ma etch d) Pattern silicon dioxide using Plasma

etch.

T

Figure 71. lllustration of the fabrication processes for 400 nm period, &)dPatterning Cr mask using

ion milling technique. c) Pattern Sibn dioxide using Plasma etch.
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The Bosch process was carried out oniraductively coupled plasma (ICP) etching system,
SPTS (Omega c2L Rapier Deep Silicon Etch@&igure 72). The 7cm x 1lcm samples were
cleaved im0 1 cm x 1 cm squares to investigate the etching parameters. After determining the
proper parameter, a 1cm x 3cm was tested and showed a similar etch rate. In order to guarantee
the reliable heat dissipation, pump oil was used to bond the sample tdiatwe wiafer. The

etching results were characterized by scanning electron microscopy imaging.

Figure 72. An inductively coupled plasma (ICP) etching system, SPTS Omega c2L Rapier Deep Silicon

Etcher.

The process has been done witlo major approaches; Increasing the frequency to reduce the
scallops and protecting the passivation layer with lowest notching possible using pressure,

temperature and time ratio adjustment.
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Moreover, the ratio between etch and deposition step had stubied. The etch process was
conducted using a thrgmilsed recipes with a different pressure in depassivation and Si etch

step.

Experiment started with the baseline recipe. The Bosch process started at 10 °C for 180 cycles.
Each cycle consists of onefg passivation step with chamber pressure of 40 mTorr and gas
pressure of 325 sccm for 1 sec and twg &Eh steps with chamber pressure of 23 mTorr and 29

mTorr and gas pressure of 375 sccm and 375 scem for 1.5 sec and 1.9 sec. An etching depth of
6.8 em was achieved. However, gratings <coll a

showing that the pasaition layer was not enougRigure73).

Mag= 785KX EHT=3.00kV Signal A=nlens Dete -1 Dec 2014 24m Mag= 688KX EHT=200kV Signal A= InLens Date 6 Jan 2015 gj CNST
WD= 69mm Signal B=lnlens  Time 14:58:38 Pl o e WD = 75mm Signal B = ESB Time :15:39:11 i

Figure 73. High aspect ratio Si grating with baseline Bosch process recipe a) 180 loops b) 270 loops

To address thiproblem, the passivation time was increased to improve the fluorocarbon film
thickness. Meanwhile, the etch step was also needed to be tuned down to become less aggressive.
The etch step slowed down by increasing the chamber pressure and decreasthgitine @t Si

etch step while the pressure in depassivation step was kept intact. Increasing the pressure will
lead to a higher mean free path of the plasma ion and lower etch rate. The etch result showed that

the etch step was still too aggressive sothbituor ocar bon | ayer coul dnoét
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completely collapse(Figure74b). The next step was to increase the passivation time, however it
could be observed this amount of passivation time could né¢éqirthe walls. The undercut
generated in the aggressive depassivation step provides room for isotropic etch and lead to the
failure in the Si etch step. The Si was etched down tondObut the grating walls were damaged

due to the poor protection of tealewalls (Figure74c). By reducing the passivation time by 0.2

sec, the optimum recipe was achieved and the profile survived 150 cycles dowrnmo. 10

((Figure74d)

A brief summary of the recipes that were studied in this study are shown i@.table

H 1 = 10.20 pm

Mag= 819KX EHT= 200kv Signal A =InLens Date 5 Feb 2015

f
WD= 45mm  Signal B = SE2 Time :13:17:29 emgtod

Figure 74. With the protection of silicon dioxide, high aspect ratio silicon etch was carried out with a

Bosch processtab °C, where each cycle consists @fs passivation step and $ktch step with a
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